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Abstract 
With the continued growth of aviation transportation, there has been an increase in the events of health and aviation 
safety related to bleed air contamination, which may degrade the cabin air quality to be threats to the heath of 
occupants, furthermore, affect the ability of flight crew and cabin crew to perform their duties. Such safety threats are 
seriously concerned by many civil aviation authorities and have been partially included in the airworthiness 
regulations. The frequency of such kind of events were investigated after reviewed the data from public literatures 
comprehensively to estimate the frequency of air supply contamination events involving engine oil or hydraulic fluid 
and obtained many useful findings. And then current airworthiness standards and the possible further development 
were summarized and analyzed, including design requirements of transport category airplane and aero-engine. Lastly 
an analysis model was developed to help showing the compliance of bleed air contamination, and the procedure to 
apply that model was brought out and demonstrated through an example. Furthermore the numerical tools to 
determine the retention ratio were constructed and validated partially through the experiments from public literatures. 
Such numerical models could provide more detailed information of the contaminate transportation process in ECS, 
which will be helpful for the design of the monitor and filter equipment in the bleed air system. 
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Nomenclature 
U   Air density, kg· 3m  
P  Pressure, Pa 
u  Velocity in X direction, 1m s  
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v  Velocity in Y direction, 1m s  
Q   Viscosity, a sP   
AX  Volume fraction of ozone in air 
ABD   Coefficient of mass diffusion of gas in air,
2 1m s  
sJ   Deposition flux 
ECS  Environmental Control System 
CFD Computational Fluid Dynamics 
TCP Tricresyl Phosphate 
1. INTRODUCTION 
With the continued growth of the aviation transportation, there has been an increase in the events of 
health and aviation safety related to bleed air contamination. The air from the engine bleed air system is 
directed to the cabin through the environmental control system (ECS), where engine or APU oil, hydraulic 
fluid, fuel, de-icing fluid and the corresponding pyrolysis products may contaminate the bleed air under 
abnormal and unusual conditions.  
Bleeding air contamination may degrade the cabin air quality to be threats to the heath of occupants, 
furthermore, affect the ability of flight crew and cabin crew to perform their duties, which may be 
implicated in many aviation accidents and incidents and become a serious concern to the flight safety. For 
example, the Tricresyl Phosphate (TCP) coming from the aircraft turbine engine oil could exert its acute 
toxic effects causing respiratory failure due to neuromuscular block. The on-line questionnaire conducted 
by EASA[1] in 2011 shows that 146 (62.9%) pilots among the 232 responders encountered a situation 
where cabin air was contaminated, and 60 (41.1%) of these 146 pilots declared having experienced a 
serious health concern directly linked to the exposure to air contamination, and 27 (45%) of them assert 
having detailed factual evidence available. More results including cabin crew response could be found in 
Table 1. 
Table 1 effect of air contamination on ability of flight crew and cabin crew to perform their duties [1]  
Effects Flight crew Cabin crew 
None 13 (8.9%) 2 (1.9%) 
Irritation 40 (27.4%) 24 (22.2%) 
Feeling unwell 36 (24.7%) 55 (50.9%) 
Impairment 26 (17.8%) 11 (10.2%) 
Partial incapacitation 20 (13.7%) 11 (10.2%) 
Incapacitation 11 (7.5%) 5 (4.6%) 
Such safety threats are seriously concerned by many civil aviation authorities, such as European 
aviation safety agency (EASA), Federal aviation administration (FAA) and Civil aviation administration 
of China (CAAC), and have been partially included in the airworthiness regulations.  
The intention of this study is to review the current airworthiness requirement on the contamination of 
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bleed air and to propose an analysis model to help the manufacturer to demonstrate the compliance, where 
the limitation of cabin concentration through effects to human health, the outside concentration through 
statistics analysis and retention along the ECS and cabin based on CFD (Computational Fluid Dynamics) 
methods were considered. Such analysis model could be used to help to determine the design 
requirements and estimate the worst case conditions, or consider the abnormal condition, such as engine 
or APU oil seal or bearing failure, engine or APU maintenance error/irregularities, or design deficiency. It 
is promising due to its high efficiency and very limited cost. 
2. Airworthiness Requirements 
2.1. The frequency of bleed air contamination events 
The frequency of this kind of event was investigated through reviewing the data from public literatures 
[1~7] comprehensively to estimate the frequency of air supply contamination events. The typical data 
were listed below, 
1) UK CAA [1] introduced that 355 occurrences were reported involving contaminated air on large 
airplanes between January 1999 and June 2009. The frequency varied from 8 to 116 times every year. 
2) Singh [2] pointed out in 2004 that there were 0.5 incidents per thousand flight hours in Australian air 
force.  
3) Chris van Netten[3] showed that such frequency varied form 0.09 (B-737) to 3.88 (Bae-146) per 
thousand flight cycles based on flight incident reports submitted to three North American air carriers 
by flight crew members in 2002.   
4) Murawski and Supplee [4] found in 2008 that such accidents frequency was about 0.86 every day and 
51% will cause the flight delay or cancellation after analyzed the air quality incident due to bleed air 
contamination in US from January 2006 to June 2007 and collected 470 reports mainly from FAA 
Service Difficulty Reports (SDR) and Accident/Incident Data System (AIDS). 
5) FAA summarized in 2009[5] that there were 1013 reports of such incidents from the SDRs from 
January 1999 to November 2008, where show that the average incidents ratio is 2.7 per million 
flights. However the FAA admitted that the ratio is lower than real due to no mandatory report 
requirements.  
6) Murawski1[6] conducted  the case study of cabin air quality incidents in US from 2008  to 2009 and 
identified 87 incidents, where one or more crewmembers had symptoms serious enough to require 
emergency medical care after 27 flights (31%), follow-up medical care after 43 flights (49%), and 
lost work time after 37 flights (43%). They also find that 41 flights was caused by oil due to 
mechanical repair records, and half of all the 20 incidents happened during January 2010 to April 
2011 were caused by bleed air contamination.  
7) UK CAA [7] presented the symptoms of such incidents is 2.5 flights every day.  
 
Some conclusion could be draw the above evidences,   
x The statistical data is incomplete due to the very limited official sources of data available and 
heavily rely on the reports from airworthiness authorities databases, flight attendant reports, and 
newspaper clips. While reports such as SDR and AIDS are not fully public accessed and such 
events were underreported from airlines or flight attendants without the mandatory regulations on 
reporting such events. Furthermore, many possible events were omitted due to fully rely on the 
people sense and short of monitoring equipment to assist in identifying the events of smoke/fumes. 
x The rate of such accidents is rather low, and there is short of heavy safety problem directed 
related to bleed air contamination, while the rate of such events is relative high, almost 
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0.09~0.388 per thousand flights. It will seriously affect the normal operation of aviation 
transportation due to the busy aviation activity, for example, there may be 0.74 events per day or 
270 events per year at least in China among all the 3 million flights in 2012.  
x All the events of bleed air contamination, almost half caused by the bleed air contaminated by the 
oil of engine or APU.  
2.2. The airworthiness requirements 
The problem of cabin air quality has been concerned by many requirements for transport category 
airplanes and aero-engine, so the current airworthiness standards and the possible further development 
were summarized here. For example, FAR/CCAR/CS 25.831(b) requires that “Crew and passenger 
compartment air must be free from harmful or hazardous concentrations of gases or vapors”, what’s 
more, 33.75(g) 2. (f) And EASA CS-E 690 requires that “Concentration of toxic products in the engine 
bleed air intended for the cabin sufficient to incapacitate crew or passengers” will be regarded as 
hazardous engine effects. But all these requirements aim to the initial airworthiness and ignore the 
potential failure during the continued operation.  
Recently, the airworthiness authorities tried to find the relationship between the reported health 
symptoms and contamination of bleed air supplied to cabin and how to clean and monitor such 
contaminants. EASA published ANPA in 2009 and corresponding CRD in 2012[1] after received 
hundreds of comments, they find that there is no causal relationship between the reported health 
symptoms and oil/hydraulic fluid contamination, they will nevertheless topic continuously monitor this 
problem.  
Meanwhile, according to “Sec. 320. study of air quality in aircraft cabins” of FAA ACT 2012, FAA[8] 
published a notice in 2012 focusing on the bleeding air cleaning and monitoring equipment and 
technology and seeking information about bleeding air cleaning, and contaminant detection or recording 
technologies to detect oil-based contaminants in the total air supplied to passenger cabin and flight deck. 
3. Means of Compliance 
During the type certification process, methods of compliance for environmental systems typically 
include analysis, qualification, ground and flight testing, and by showing similarity to previously-certified 
systems.  
x Component qualification testing could be done to meet requirements of 25.1309, and 25.1301, 
where applicant has the responsibility to define operating environment that, in turn, will 
determine qualification testing required to be performed. 
x Ground testing could be used to simulate flight conditions and to predict what will happen in 
flight testing. 
x Flight testing is the required compliance demonstrations method to obtain measurements of 
smoke penetration, smoke evacuation, carbon monoxide levels, carbon dioxide levels, ozone 
levels, etc.  
Analysis could be used to help determine the design requirements and estimate the worst case 
conditions, where air flow considerations very important when concentrations of hazardous fumes, smoke, 
etc. being measured. 
An analysis model was developed to be used in showing the compliance of the bleed air contamination, 
such as O3 (ozone) or TCP [9]. It is promising due to its high efficiency and very limited cost, however, its 
precision is limited currently and could only be an auxiliary method.  
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3.1. Basic model  
The analysis model for the bleeding air contamination was proposed as follows,  
  1cabin bleedC E R C     (1) 
Where, cabinC
 
is the contaminants concentration inside an airplane cabin, and should be lower to the 
permissible maximum concentration regulated in the airworthiness standard or environment standard 
according to its effects to human health.  For example, the limitations of ozone concentration in cabin are 
given in FAR 25.832 (a) “The airplane cabin ozone concentration during flight must be shown not to 
exceed—(1) 0.25 parts per million by volume, sea level equivalent, at any time above flight level 320; and 
(2) 0.1 parts per million by volume, sea level equivalent, time-weighted average during any 3-hour 
interval above flight level 270.” And FAR 121.578 (b) “Except as provided in paragraphs (d) and (e) of 
this section, no certificate holder may operate an airplane above the following flight levels unless it is 
successfully demonstrated to the Administrator that the concentration of ozone inside the cabin will not 
exceed— (1) For flight above flight level 320, 0.25 parts per million by volume, sea level equivalent, at 
any time above that flight level; and (2) For flight above flight level 270, 0.1 parts per million by volume, 
sea level equivalent, time-weighted average for each flight segment that exceeds 4 hours and includes 
flight above that flight level. ” The limitations of CO/CO2 concentration in cabin are given in FAR 25.831 
(b) “(1) Carbon monoxide concentrations in excess of 1 part in 20,000 parts of air are considered 
hazardous. For test purposes, any acceptable carbon monoxide detection method may be used. (2) 
Carbon dioxide concentration during flight must be shown not to exceed 0.5 percent by volume (sea level 
equivalent) in compartments normally occupied by passengers or crewmembers. ” 
bleedC is the contaminant concentration at the port of bleed air, which determined by the outside air and 
engine. It is heavily rely on the statistics data, for example, the air quality of airport must be considered to 
investigate the contamination problem of aircraft on ground.  
E is the efficiency of a filter or converter installed to remove portion of the ambient contaminants 
before them enter the airplane cabin. The ozone converter was used to remove the ozone and HIPA were 
installed to remove the solid particulate matters.  
R is the retention ratio of the ambient contaminants which enter the airplane cabin after going through 
the air conditioning system and, in most cases, the engines. Where it could be divided into two parts, the 
first one is the retention ratio of the contamination along the ECS, from engine port of bleed air to the 
inlet of the cabin, and the second one is the retention ratio of the contamination ratio in the cabin.  It 
depends heavily on  the  cabin  air  exchange  rate,  induction passages, the  interior  surface  to  volume  
relationship,  and  the  amount  of  cabin  air  recirculated. Such data generally coming in from and short 
the analysis method of the air contaminates of ozone, VOC, TCP and so on. 
All the requirements of above key parameters were summarized in Table 2 as follows. 
3.2. Procedure to model application 
The procedure to apply the above model was shown in the flowchart of Fig. 1. For any given 
contaminates, the ambient concentration should be first determined through statistical analysis from flight 
test or atmosphere, and then the removal efficiency and retention ratio should be determined by the 
analysis of system configuration. The cabin concentration then could be computed with Eq.(1), the 
pass/fail criteria of compliance will be the comparison of the computed and limitation of cabin 
contaminate concentration. It will be failed if the computed contaminate concentration exceed the 
limitation in cabin, then design should be changed or the operation envelope will be restricted. 
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Determine the ambient concentration
Determine the removal efficiency
Determine the retention ratio
Compute the cabin concentration
Exceed the limitation?
Passed the compliance check
change design or restrict
operation envelope
NO
YESlimitation of the 
cabin concentration 
 
Fig. 1 Flowchart to show the compliance 
Table 2 summarization of current regulations about the key parameters (taking FAR as example) 
 Ozone CO/CO2 Other gaseous 
contaminates, such as 
VOC and TCP 
Particulate Matters 
cabinC  
The permissible maximum 
concentration were regulated in 
FAR 25.832/121.578 
The permissible maximum 
concentration were regulated 
in FAR 25.831 
N/A 
Reference [9] 
detected its existence 
in cabin and ECS 
component.  
N/A 
Only included in 
the design 
requirements of 
engine and aircraft, 
such as  JSSG 2007 
bleedC  
FAA accepted the date from 
FAA-EQ-78-03 to be used in 
statistical analysis to determine 
compliance with the cabin 
ozone concentrations as the 
outside ozone concentration. 
N/A 
May come from the statistics 
analysis data   related to the 
flight state and outside 
atmosphere condition.  
N/A 
Generally due to the 
abnormal engine 
condition or 
furnishment in cabin.  
N/A 
Inducted from dirty 
outside 
environment, or 
rubbed from the 
engine structure.  
E 0 for airplane without ozone 
converter, else about 0.7 for 
airplane with ozone converter. 
0 
The ventilation system was 
designed to provide enough 
uncontaminated air.  
0 
 
0 
 
R From  0.75  to  1.00  without  
cabin  air recirculation; 0.4  to  
0.6  with  air  recirculation.  
0 
Adsorption 
N/A 
Adsorption 
N/A 
Sediment 
Note: “N/A” means there is no directed related contents in current airworthiness standards. 
3.3. Example of model application: OZONE 
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The ozone was taken as an sample contaminants here to demonstrate the application this model. As 
pointed out in AC120-38[10], the demonstration of the compliance of the ozone in cabin through analysis 
could be conducted as following way,  
 (1)  A  statistical  analysis  which  is  based  on  acceptable  atmospheric  ozone  statistics,  the  types  
of  aircraft  flown,  and  the  route  structure  used  in  the  air carrier's  operation. 
(2)  A  statistical  analysis  which  is  based  on  actual  measurements of  cabin ozone  concentrations  
for  the  types  of  aircraft  operated  and  obtained  over  routes  or areas  representative  of  the  air  
carrier's  route  structure. 
So the basic model of Eq.(1) could be used here and very similar to the one introduced in AC120-38[10] 
as below, 
 
0
(1 ) 16 /OZMAX E OZ R P P      (2) 
Apply the procedure given in Fig. (1), 
x Determine the ambient concentration: OZ16 is the estimated ambient ozone concentration 
obtained from statistics with a confidence level of 84 percent as given in Report FAA-EQ78-03, 
which is referenced to standard conditions of 25ć and 760 millimeters of mercury pressure.  
x Determine the limitation of the cabin concentration: OZMAX is the permissible maximum ozone 
concentration inside an airplane cabin as established by FAR Part 121 which may not exceed a 
value of 0.25 parts per million by volume (ppmv), sea level equivalent (SE), at any point in time. 
x Determine the removal efficiency: for an airplane without ozone converter could have E = 0, or 
else it could be determined according to the ozone converter. 
Only the retention ratio is left to be determined, where CFD method could be applied to compute the 
retention ratio and demonstrated by a typical duct in aircraft.  
3.3.1. Determination of the retention ratio 
As to the other contaminates in the bleed air, the above analysis model could be much helpful in the 
demonstration of the compliance, while the retention ratio R is difficult to be determined without 
experiment. Because there is little exact quantity information about how such contaminations were 
released from engine, diffused along ECS and finally entered the cabin, due to the very limited knowledge 
of the spread and adsorption process of the contamination during the whole flow path.  
Note only the solid particulates or the oil vapor would be deposited on the surface along the air flow 
passage, the gaseous pollutants maybe adsorbed too. According to the theory of gas adsorption, even the 
nonpolar and not very reactive gas will adsorb to a surface under certain conditions. The adsorption 
occurs spontaneously due to the negative free energy change. The first kind is physical adsorption, very 
similar to the condensation of a vapor to form a liquid, which involves only the forces of molecular 
interaction, The enthalpy of the physical adsorption is roughly the same as the enthalpy of condensation 
(or it is usually not greater than few times) and in many ways the adsorbed materials, especially when 
many layers have been adsorbed, behaves like a two dimensional liquid. In chemisorption, on the other 
hand, a chemical bond will be formed. Furthermore, the adsorbed atoms are localized at particular sites on 
the solid surface and only one layer of adsorbate may be chemisorbed. Physical adsorption on top of a 
chemisorbed layer is possible if the conditions are appropriate. 
Current experiments only gave final concentration of contaminates in flight desk or cabin. Nevertheless 
the well-build theories above, numerical analysis methods are difficult to construct in engineering too 
because of insufficient data of the contamination evaporation or absorption along the ECS.    
Here we adopted CFD methods to determine the retention ratio by numerically investigating the ozone 
spread during the ECS, and some numerical models considering the interaction between ozone and ECS 
component were also been integrated.  
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3.3.1.1. CFD models  
The basic governing equations were constructed based on Navier-Stokes equations, including, 
1) Mass conservation equation, 
 ( ) ( ) c
u v S
x y
U Uw w  w w  (3) 
2) Momentum conservation equation, 
 ( ) ( ) ( ) ( ) u
u u P u uu v S
x y x x x y y
U U P Pw w w w w w w     w w w w w w w  (4) 
 ( ) ( ) ( ) ( ) v
v v P v vu v S
x y y x x y y
U U P Pw w w w w w w     w w w w w w w  (5) 
3) Component transportation equation, 
 ( ) ( ) ( ) ( )A A A AAB AB s
uX vX X XD D S
x y x x y y
U U U Uw w w ww w   w w w w w w  (6)
  
Where, cS ǃ uS ǃ vS and sS  are the source term for mass, momentum and component. Generally the 
term of momentum could be neglected due to the velocity of absorption is very low, so 0u vS S  .  
3.3.1.2. The source term considering surface deposition 
The source term could be calculated,  
 
c s sS S J    (7) 
Where sJ  is the ozone deposition flux over surface. 
 2
3
|
4s y l
v
J CJ
 
   
(8) 
where γ is the mass accommodation coefficient (or reaction probability) between the ozone and the 
deposition surface and defined as the fraction of all ozone molecules collision with the surface that results 
in deposition, <v> is Boltzmann velocity for ozone , C is ozone concentration, and l means molecular free 
path (6.5×10-8 m at 293 K and 1 atm). 
Eq. (8) can be used to calculate the ozone flux at related surfaces. However, it requires an extremely 
fine grid size near the deposition surface (comparable to l), which is very hard to agree with. To increase 
the grid size near the surface, this study used the following simplified flux model [11]: 
 
1
1
0
4 |
1
4
s y y
v
J C
v y
D
J
J
 '
 
 '  
 
(9)
 
Where 1y'  is the distance of the first cell center from the surface, 0D  is the binary diffusion coefficient 
of ozone in air ( -5 2 11.82 10 m su ). Note that Eq. (9) is valid only when the first grid point is very close to 
the surface (ideally y+<1). 
The Reynolds Averaged Navier-Stokes equations were solved with the RNG k-ε turbulence model. The 
multi-component transportation model was used for the mixture of air and ozone. Here the second-order 
upwind discretization scheme was adopted for solving all the variables except pressure, excepting the 
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pressure discretization was used the PRESTO scheme. The mesh contains 80000 nodes to make y+ < 1, 
the velocity inlet boundary condition is set to the inlet, and pressure outlet boundary is set to the outlet.  
3.3.1.3. Validation of CFD model 
The experiments of ITO [12] were used here to validate the simulation results and tools. Numerical 
results were compared with each other the experimental results, as show in Fig. 2, where all experiment 
conditions are listed in Table 3. 
Table 3 Experiment conditions compared 
Experiment condition Inlet velocity(m/s) Inlet ozone concentration(PPM) 
A 1 1 
B 0.25 5.0 
   
1 2 3 4 5 6 7
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 inlet concentration 1.00ppm(experiment)
 inlet concentration 1.00ppm(CFD)
 inlet concentration 5.00ppm(experiment)
 inlet concentration 5.00ppm(CFD)
 
Fig. 2 Validation of the CFD tool, (a) Simulation result of ozone mass fraction, (b) comparison of ozone retention ratio  
3.3.2. Retention ratio along a duct 
Ozone retention ratio and the deposit speed were further investigated based on a typical duct 
configuration, where the inlet ozone concentration is 500ppb, the duct length is 10m and diameter is 
0.15m, as the results shown in Fig. 3, we can find that ozone retention ratio and the deposit speed were 
influenced heavily with the mass accommodation coefficient and inlet flow conditions. 
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Fig. 3 Ozone deposition on a typical duct in ECS  (a)   retention ratio     (b) the deposit speed with mass accommodation coefficient 
1.0e-4 
4. CONCLUSIONS 
This paper summarized the airworthiness requirements and means of compliance about the problem of 
bleed air contamination, proposed a generalized analysis model to be used to demonstrate the compliance, 
brought out the procedure to apply that model and taken ozone as an example.  
The numerical tools were used to determine the retention ratio of the contamination and reveal more 
information of contaminate transportation process in ECS, which will be helpful for the design of the 
monitor and filter equipment in the bleed air system. These tools has been partially validated by the 
experimentally or numerically through a simple duct with different condition. However, such numerical 
tools need further validation for the complex geometry with the reasonable model to considering the gas 
adsorption of different contaminates, such as Particulate matters or TCP. 
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